Flavivirus NS4A protein induces host membrane rearrangement and functions as a replication complex component. The molecular details of how flavivirus NS4A exerts these functions remain elusive. Here, we used dengue virus (DENV) as a model to characterize and demonstrate the biological relevance of flavivirus NS4A oligomerization. DENV type 2 (DENV-2) NS4A protein forms oligomers in infected cells or when expressed alone. Deletion mutagenesis mapped amino acids 50 to 76 (spanning the first transmembrane domain [TMD1]) of NS4A as the major determinant for oligomerization, while the N-terminal 50 residues contribute only slightly to the oligomerization. Nuclear magnetic resonance (NMR) analysis of NS4A amino acids 17 to 80 suggests that residues L31, L52, E53, G66, and G67 could participate in oligomerization. Ala substitution for 15 flavivirus conserved NS4A residues revealed that these amino acids are important for viral replication. Among the 15 mutated NS4A residues, 2 amino acids (E50A and G67A) are located within TMD1. Both E50A and G67A attenuated viral replication, decreased NS4A oligomerization, and reduced NS4A protein stability. In contrast, NS4A oligomerization was not affected by the replication-defective mutations (R12A, P49A, and K80A) located outside TMD1. trans complementation experiments showed that expression of wild-type NS4A alone was not sufficient to rescue the replication-lethal NS4A mutants. However, the presence of DENV-2 replicons could partially restore the replication defect of some lethal NS4A mutants (L26A and K80A), but not others (L60A and E122A), suggesting an unidentified mechanism governing the outcome of complementation in a mutant-dependent manner. Collectively, the results have demonstrated the importance of TMD1-mediated NS4A oligomerization in flavivirus replication. 
M
any flaviriruses are significant human pathogens, including the four serotypes of dengue virus (DENV). DENV infection causes an acute and systemic disease that may often be asymptomatic but can lead to clinical symptoms ranging from fever to lifethreatening dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS) (1, 2) . DENV is a global public health threat, with an estimated 390 million human infections per year, of which 96 million show clinical manifestations (3) . Prior infection with a particular DENV serotype does not always protect against the other three serotypes (1) and is often associated with increased disease severity in the second infection (4) . There are currently no licensed vaccines or antiviral drugs for either prophylaxis or treatment of DENV infection. In light of this lack of weaponry in our fight against DENV, there is an ongoing urgent need for the development of effective antivirals against the virus. Understanding the molecular details of viral replication will greatly facilitate vaccine and therapeutic development.
DENV is a positive-strand RNA virus with a genome approximately 11 kb in length. The viral genome has one open reading frame flanked by 5= and 3= untranslated regions (UTRs). The genome is expressed as a single polyprotein that is processed co-and posttranslationally by viral and host proteases to yield three structural proteins (capsid [C] , membrane [M] , and envelope [E] glycoproteins) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (5) . The structural proteins form virus particles and are associated with important biological func-tions of the virus life cycle, such as receptor binding, virus fusion, and virion assembly. The nonstructural proteins function in viral replication and assembly and in evasion of the immune response (5) (6) (7) (8) . NS1 plays important roles in viral RNA replication (9) and the formation of immune complexes (10) . NS3 functions as a protease (along with NS2B), an RNA helicase, and a nucleotide triphosphatase (11, 12) . NS5 has methyltransferase and RNA-dependent RNA polymerase activities (13) (14) (15) (16) . The remaining three highly hydrophobic membrane proteins (NS2A, NS4A, and NS4B) are less well characterized. NS2A has been shown to be critical for virus replication and assembly (8, 17, 18) . NS4B has been shown to be important in viral replication (19) and suppression of interferon response (7, 20) .
DENV NS4A is a multifunctional transmembrane protein. It colocalizes with double-stranded RNA and promotes membrane rearrangements that harbor viral replication complexes (21) . NS4A has also been shown to antagonize the host immune response (7) and to induce autophagy (22) . Known interactors of DENV type 2 (DENV-2) NS4A include the host protein vimentin (23) and the viral protein NS4B (24) . Miller and colleagues have proposed a membrane topology model of DENV NS4A (Fig. 1A) that contains an N-terminal region, three transmembrane domains (TMD1 to -3), and a C-terminal tail (21) . Stern and coworkers recently reported that the cytosolic N-terminal 48 amino acids of DENV NS4A form an amphipathic helix that mediates oligomerization (25) ; however, the role of the rest of the molecule (i.e., amino acids 49 to 127) in NS4A oligomerization has not been studied. Furthermore, how NS4A oligomerization contributes to viral replication remains to be determined.
Here, we report that in the context of full-length NS4A, TMD1 is the major determinant for NS4A oligomerization. Mechanistically, mutations within TMD1 reduced NS4A oligomerization and protein stability, leading to attenuated viral replication. In contrast, lethal replication-defective mutations outside TMD1 had no effect on NS4A oligomerization. trans complementation experiments showed that the replication defect of NS4A mutants could be partially rescued in cells expressing wild-type NS4A in the context of a viral replication complex but not in cells expressing wild-type NS4A alone. Interestingly, distinct NS4A mutants exhibited different outcomes of trans complementation in the replicon cells. oligomerization. 293T cells were cotransfected with two plasmids, one encoding NS4A-Flag and the other encoding either prM, EGFP, or NS4A-EGFP. After 48 h, the cell lysates were subjected to co-IP as described in Materials and Methods. The whole-cell lysates and IP eluates were then analyzed by Western blotting using rabbit anti-EGFP, rabbit anti-Flag, and rabbit anti-prM anti- Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) (HyClone Laboratories, Logan, UT), 1% penicillin-streptomycin (Invitrogen), and 4 mM L-glutamine. 293T cells were maintained in low-glucose DMEM (Invitrogen) supplemented with 10% FBS and 1% penicillinstreptomycin. BHK-21 cells expressing NS4A-enhanced green fluorescent protein (EGFP) in a Tet-off-inducible manner was maintained in the same medium as BHK-21 cells, supplemented with 500 g/ml Geneticin (Life Technologies) and 200 g/ml hygromycin. BHK-21 cells harboring the DENV-2 replicon were also cultured in the same medium as BHK-21 cells, with 1 mg/ml Geneticin as an additional supplement. Recombinant DENV-2 (strain NGC) was produced from its corresponding cDNA clone, pACYC-NGC-FL (26) . The following antibodies were used in this study: in-house-generated mouse monoclonal antibody (MAb) against DENV-2 NS4A protein, anti-EGFP rabbit polyclonal antibody (PAb) (Abcam, Cambridge, United Kingdom), anti-Flag rabbit PAb (Sigma, St. Louis, MO), anti-premembrane (prM) protein rabbit PAb (GeneTex, Irvine, CA), anti-E mouse MAb 4G2 (ATCC, Manassas, VA), anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) rabbit PAb (Sigma), antiHis mouse MAb (Qiagen, Netherlands), goat anti-mouse IgG conjugated with Alexa Fluor 488 or Alexa Fluor 568 (Life Technologies), and goat anti-mouse or goat anti-rabbit antibody conjugated to horseradish peroxidase (HRP) (Sigma).
MATERIALS AND METHODS

Cells
Plasmid construction. Standard molecular biology procedures were performed for all plasmid constructions. A mammalian expression vector, pXJ, driven by a cytomegalovirus (CMV) promoter was used to express a recombinant full-length (FL) or truncated NS4A protein that was C-terminally tagged with either Flag or EGFP. Fragments encoding C-terminally Flag-tagged NS4A were amplified from pACYC-NGC-FL by PCRs with corresponding primer pairs. The PCR products were digested with restriction enzymes EcoRI and XhoI and inserted into the pXJ expression vector (27) . For the C-terminally EGFP-tagged constructs, fragments of FL and truncated NS4A were also amplified from pACYC-NGC FL, digested with EcoRI and BamHI, and cloned into plasmid pXJ-EGFP.
For alanine scanning of NS4A, individual mutations were introduced into a subclone, TA-E (containing DENV-2 NGC cDNA from nucleotide 5426 to the 3= end) using a QuikChange II XL site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA) with corresponding primer pairs. The fragment containing each mutation was then inserted into pACYC-NGC-FL at either XhoI and BspEI or BspEI and NruI restriction sites. For construct pXJ-NS4A-EGFP or pXJ-NS4A-Flag, encoding mutant NS4A proteins, the corresponding NS4A fragments were amplified from the pACYC-NGC-FL plasmids containing the respective NS4A mutations. These fragments were then digested and inserted into either pXJ-EGFP or pXJ vectors as described above. All constructs were validated by DNA sequencing, and primer sequences are available upon request.
SDS-PAGE and Western blotting. Samples were incubated in 4ϫ lithium dodecyl sulfate (LDS) sample buffer (Life Technologies) supplemented with 100 mM dithiothreitol (DTT) at 70°C for 15 min (unless otherwise indicated) and analyzed on a 15% polyacrylamide-SDS gel. The proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane using the Trans-Blot Turbo Transfer apparatus (Bio-Rad, Hercules, CA) and incubated for 2 h at room temperature in blocking buffer, which contained 5% skim milk (Sigma) in TBST (20 mM Tris-HCl [pH 7.5], 137 mM NaCl, and 0.1%Tween 20). The blots were then incubated in primary antibody diluted in blocking buffer overnight at 4°C. The following primary antibodies were used for Western blotting: anti-NS4A (1:100), anti-GAPDH (1:4,000), anti-Flag (1:2,000), anti-EGFP (1:2,000), and antiprM (1:4,000). After three 5-min washes in TBST, the blots were incubated in either goat anti-rabbit (1:30,000) or goat anti-mouse (1: 10,000) antibody conjugated to HRP in blocking buffer for 1 h. The blots were washed three times for 5 min each time in TBST buffer, and detection was done using the ECL Western blotting system (GE Healthcare).
Coimmunoprecipitation. 293T cells in 6-cm dishes were transfected with 2 g of various pXJ constructs with X-tremeGene 9 DNA transfection reagent (Roche, Switzerland). The cells were harvested at 48 h posttransfection (p.t.) and incubated in 550 l immunoprecipitation buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 10% glycerol, 0.5% n-dodecyl-␤-Dmaltopyranoside [DDM], 0.5 mM EDTA, 0.5 mM EGTA, EDTA-free protease inhibitor cocktail [Roche] , and phosphatase inhibitor cocktail tablets [Roche]) with rotation for 1 h at 4°C. The cell lysates were clarified by centrifugation at 20,000 ϫ g for 15 min at 4°C and used for coimmunoprecipitation (co-IP) with anti-Flag M2 magnetic beads (Sigma). The beads and lysates were incubated with rotation for 1 h at 4°C in a total volume of 450 l containing 250 mM sodium chloride. The beads were then washed vigorously three times with phosphate-buffered saline (PBS) containing 0.1% Tween 20. The proteins were eluted from the beads using 4ϫ LDS sample buffer supplemented with 100 mM DTT by heating at 70°C with shaking for 15 min and analyzed by Western blotting. To quantify the relative pulldown efficiency, each protein band was measured using densitometry (ImageJ): NS4A-EGFP truncates in the whole-cell lysate (a) and IP eluate (b) and FL NS4A-EGFP in the whole-cell lysate (c) and IP eluate (d). The pulldown efficiency for each truncate relative to the FL control was quantified using the formula (b/a)/(d/c).
Cross-linking experiment. An NS4A construct containing residues 17 to 80 was expressed and purified into dodecylphosphocholine (DPC) micelles as described previously (24) . Cross-linking of the purified NS4A using glutaraldehyde (GA) was carried out by a method described previously (28, 29) . Briefly, 50 M NS4A was reconstituted into a cross-linking buffer that contained 20 mM sodium phosphate, pH 6.5, 0.1 mM DTT, and 20 mM DPC. GA cross-linker from a 10% stock solution was added to the protein solution to 16 mM. The protein mixture was incubated at room temperature for 10 min, separated by SDS-PAGE, and analyzed by Western blotting using an anti-His antibody.
Nuclear magnetic resonance (NMR) measurements. The 15 N longitudinal or spin-lattice relaxation (T 1 ) and transverse or spin-spin relaxation (T 2 ) rates (30) and backbone 1 H-15 N steady-state nuclear Overhauser effect (NOE) (heteronuclear NOE [hetNOE]) (31) of the NS4A in DPC micelles were measured at 313 K on a Bruker Avance magnet with a proton frequency of 600 MHz. The relaxation delays for T 1 measurements were 10, 50, 100, 200, 400, 800, 1,400, and 1,800 ms. The delays for T 2 measurements were 16.9, 34, 51, 68, 85, 102, 119, 136, and 153 ms (32) . The relaxation rate constants were obtained by fitting the peak intensities into a monoexponential function with NMRView (33). The hetNOEs were obtained using two data sets that were collected with and without initial proton saturation for a period of 3 s. To test the effect of the DPCto-protein ratio on protein dimerization, NS4A was first purified into DPC micelles using 2 mM DPC micelles to get a sample with a DPC-toprotein ratio of 70. To make a sample with a DPC-to-protein ratio of 300, DPC (20%) was added to the sample with a low DPC-to-protein ratio. The 1 H-15 N heteronuclear single quantum coherence (HSQC) spectra of NS4A samples with different DPC-to-protein ratios were acquired and compared. To test residues that could be affected by the dimerization, the 1 H- 15 N HSQC spectra of a uniformly 15 N-labeled NS4A in DPC micelles in the absence and presence of an unlabeled NS4A peptide containing residues 40 to 76 were acquired and compared.
Alanine-scanning analysis. DENV-2 NS4A mutations were engineered using a QuikChange II XL site-directed mutagenesis kit (Agilent Technologies). FL DENV-2 RNAs were transcribed in vitro using the T7 mMessage mMachine kit (Ambion, Austin, TX) from cDNA plasmids prelinearized with restriction enzyme XbaI. BHK-21 cells were electroporated with 10 g of RNA transcripts. The transfected cells were first cultured in 2% high-glucose DMEM at 37°C for 24 h and then transferred to 30°C for the next 4 days. The transfected cells were monitored for DENV envelope (E) protein expression by immunofluorescence assay (IFA) at 1 and 4 days p.t. using the anti-E mouse monoclonal antibody 4G2 and a goat anti-mouse IgG conjugated with Alexa Fluor 488 as the primary and secondary antibodies, respectively. Culture media from the transfected cells were collected 5 days p.t. (designated passage 0 [P0]), and the viral titers were quantified by plaque assay using BHK-21 cells. These P0 viruses were subsequently passaged for 5 rounds in Vero cells for adaptive muta-tions. The presence of revertants in each passage was checked by reverse transcription (RT)-PCR, plaque assay, and whole-genome sequencing.
Cycloheximide chase experiment. 293T cells in 6-cm dishes were transfected with 2 g of either wild-type (WT), E50A, or G67A pXJ-NS4A-Flag plasmid using X-tremeGene 9 DNA transfection reagent. The pXJ-NS4A-Flag plasmid encodes a full-length DENV-2 NS4A protein fused with a C-terminal Flag epitope. At 24 h p.t., the cells were treated with 75 g/ml cycloheximide (CHX) (Sigma) in dimethyl sulfoxide (DMSO) or DMSO alone as a negative control. Cells were harvested at 0, 0.5, 1, 2, 3, and 4 h post-CHX treatment and incubated in lysis buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 0.5% DDM, and EDTA-free protease inhibitor cocktail) with rotation for 1 h at 4°C. Cell lysates were clarified by centrifugation at 20,000 ϫ g for 15 min and analyzed by Western blotting using rabbit anti-Flag antibody to detect NS4A-Flag. The blots were also probed with a polyclonal rabbit anti-GAPDH antibody as a loading control.
trans complementation analysis. BHK-21 cells expressing NS4A-EGFP with a Tet-off-inducible system were engineered using a Tet-Off Advanced Inducible Gene Expression kit (Clontech, Mountain View, CA). Expression of NS4A-EGFP was determined by IFA using both EGFP and mouse monoclonal anti-NS4A antibody. trans complementation experiments were performed as described previously (34) . WT and mutant DENV-2 genome length RNAs were prepared as described under "Alanine-scanning analysis" above. BHK-21 cells expressing NS4A-EGFP (BHK-21-NS4A-EGFP) or BHK-21 cells harboring a DENV-2 replicon (BHK-21-Replicon) (35) were electroporated with RNA transcripts (10 g). At 72 h p.t, the cells were fixed with methanol, and expression of viral E protein was detected by IFA using mouse MAb 4G2 as the primary antibody. The secondary antibodies used were goat anti-mouse IgG conjugated to Alexa Fluor 568 and Alexa Fluor 488 for BHK-21-NS4A-EGFP and BHK-21-Replicon cells, respectively.
RESULTS
Oligomerization of DENV-2 NS4A protein.
We performed four sets of experiments to demonstrate the oligomerization of DENV-2 NS4A.
(i) Cells infected with DENV-2. As shown in Fig. 1B , Western blotting of lysates of BHK-21 cells infected with DENV-2 showed four distinct bands. The 14-and 28-kDa bands correspond to the molecular masses of monomeric and dimeric forms of NS4A, respectively; the 35-and 75-kDa bands may represent uncleaved viral polyprotein or higher-order oligomers of NS4A; and two nonspecific cellular proteins were also detected in the immunoblots (Fig. 1B, lane 2) . The two bands representing the 14-kDa monomeric and 28-kDa dimeric NS4A forms were also detected in infected Vero cells (lane 4).
(ii) Cells transiently expressing NS4A with a C-terminal Flag epitope tag (NS4A-Flag). Western blotting of 293T cells transfected with the NS4A-Flag-expressing plasmid revealed two bands of 15 and 30 kDa (Fig. 1C ) that correspond to the monomeric and dimeric NS4A-Flag forms, respectively.
(iii) Co-IP of NS4A-Flag and NS4A with a C-terminal EGFP tag (NS4A-EGFP). 293T cells were cotransfected with two plasmids: one plasmid encoding NS4A-Flag and another plasmid encoding NS4A-EGFP. Anti-Flag antibody was able to pull down NS4A-Flag, together with NS4A-EGFP (Fig. 1D, lane 3) . As negative controls, when NS4A-Flag was coexpressed with EGFP or DENV-2 prM protein, the anti-Flag antibody could pull down only NS4A-Flag, but not EGFP or prM (Fig. 1D, lanes 1 and 2) .
(iv) Recombinant NS4A protein. We purified DENV-2 NS4A protein using an Escherichia coli expression system, as previously reported (36) . The recombinant protein consisted of an N-terminal His 6 tag, a tobacco etch virus (TEV) protease cleavage sequence, a thrombin cleavage site, and a full-length NS4A protein.
As shown in Fig. 1E (left) , SDS-PAGE analysis revealed a major 17-kDa band corresponding to the calculated protein mass (indicated by an arrow); in addition, two weak bands migrating at 28 and 37 kDa were observed (Fig. 1E, lane 1, asterisks) . Western blotting showed that both the 17-kDa band and the higher-molecular-mass bands were recognized by an anti-NS4A monoclonal antibody (Fig. 1E, lane 2) , suggesting that the higher-molecularmass bands are not derived from contaminating proteins; in addition, increasing protein concentrations shifted the 17-kDa band to higher-molecular-mass bands (Fig. 1E, lanes 2 to 4) . The aberrant migration behavior of different oligomeric forms (17, 28 , and 37 kDa) of recombinant NS4A could be due to varying amounts of detergent associated with the protein. Collectively, the above-described results demonstrate that DENV-2 NS4A oligomerizes in infected cells, when expressed alone in cells, and in purified form.
Mapping the determinant for NS4A oligomerization. We used co-IP to map the regions responsible for NS4A oligomerization. 293T cells were cotransfected with two plasmids, one expressing a full-length NS4A-Flag and another expressing a truncated NS4A-EGFP ( Fig. 2A) . As shown in Fig. 2B (top) , the protein expression levels were similar for various NS4A-EGFP truncates, except for constructs 1-50 and 50 -76, whose expression levels were higher. Bands representing both intact and degraded proteins were observed for constructs 1-50, 1-76, 50 -76, and 50 -101 (Fig. 2B, top) . Anti-Flag antibody was able to pull down full-length NS4A-Flag (Fig. 2B, bottom) , together with various NS4A-EGFP truncates with differing efficiencies (Fig. 2B,  middle) . Compared to the full-length construct 1-127 NS4A-EGFP (set as 100%), the pulldown efficiencies for constructs 1-50, 1-76, 50 -76, 50 -101, 40 -127, and 50 -127 were estimated to be 20%, 94%, 110%, 130%, 120%, and 100%, respectively (Fig. 2C) . Notably, when we performed the co-IP with a higher salt concentration (350 mM), the binding of construct 1-50 was negligible in comparison to the other constructs (data not shown). We also performed a reverse co-IP in which truncated NS4A-Flag was transiently coexpressed, along with full-length NS4A-EGFP. As shown in Fig. 2D , a 50 -127 NS4A-Flag construct lacking the Nterminal 49 residues was able to pull down full-length NS4A-EGFP as efficiently as full-length NS4A-Flag. The results suggest that (i) construct 50 -76, which comprise TMD1, constitutes the most critical segment for NS4A oligomerization and (ii) construct 1-50, representing the cytosolic N-terminal region, may also contribute to the oligomerization, but to a much lesser extent.
To confirm that TMD1 is the major determinant for NS4A oligomerization, we transiently expressed 50 -76 NS4A-EGFP alone in 293T cells and directly probed its oligomerization status by Western blotting rather than co-IP (Fig. 2E) . Indeed, Western blotting detected both monomeric and dimeric forms of 50 -76 NS4A-EGFP. This result further demonstrates that TMD1 alone is competent to form dimers. Besides TMD1, we also attempted to probe the roles of TMD2 and TMD3 in NS4A oligomerization. Using the same co-IP approach, we expressed luminal TMD2 and TMD3 fused with an N-terminal signal peptide (sequence derived from Gaussia luciferase protein). The N-terminal signal peptide was engineered to ensure the correct orientation of the expressed TMD2 and TMD3 proteins. Unfortunately, these experiments were unsuccessful because the signal peptide itself resulted in nonspecific binding (data not shown).
Dynamic analysis of the NS4A (17-80) construct in detergent DPC micelles. We recently showed that a construct containing residues 17 to 80 of NS4A is feasible for structural studies by NMR spectroscopy. The NMR analysis revealed the secondary structure of NS4A (17-80) with three ␣ helices (24) . SDS-PAGE analysis of this protein alone showed a dominant monomer and a minor dimer (Fig. 3A) . In the presence of the cross-linker agent glutaraldehyde, the protein displayed more dimer bands and even higher-order oligomers. The results suggested that the NS4A (17-80) construct could form a dimer in vitro.
Since construct 17-80 contains the major determinant, TMD1, for NS4A oligomerization, we used NMR to characterize its oligomerization. We conducted a relaxation experiment to understand its flexibility on the picosecond to nanosecond time scale. Figure 3B shows the T 1 , T 2 , and hetNOE results. The first two helices in the construct are flexible, as characterized by the low hetNOE and high T 2 values. The transmembrane helix ␣3 is rigid, as evidenced by the high hetNOE and T 1 /T 2 values. Interestingly, we did not identify the cross peak of E50, which may be due to the exchanges arising from its oligomerization. ␣2 was more stable than ␣1, as indicated by the higher T 1 /T 2 and hetNOE values from ␣2. The high flexibility of ␣1 also suggests that its role in oligomerization might be less important than those of the other, more rigid regions, such as ␣2 and ␣3 (Fig. 3B) .
Oligomerization of NS4A (17-80) in DPC micelles. As the purified NS4A (17-80) was prepared in detergent micelles, changing the detergent-to-protein ratio can affect protein dimerization. Decreasing the detergent-to-protein ratio may favor protein dimerization in the transmembrane region. We compared the 1 H-15 N HSQC spectra of the NS4A (17-80) samples with different DPC-to-protein ratios (Fig. 3C) . Line broadening and chemical shift perturbations were observed for several residues, which strongly suggests that a changing DPC-to-protein ratio affected the NS4A (17-80) environment. These changes may arise from protein dimerization. To further probe residues that are important for dimerization, the 1 H-15 N HSQC spectra of 15 N-labeled NS4A (17-80) in the absence and presence of unlabeled NS4A peptide containing residues 40 to 76 were acquired and superimposed (Fig. 3D) . Residues L31, L52, E53, G66, and G67 showed line broadening, suggesting that these residues are important for protein dimerization. It should be noted that the unlabeled NS4A (40 -76) peptide was used for the above-described experiment because the NS4A (50 -76) peptide was too hydrophobic for successful synthesis (data not shown).
Functional analysis of flavivirus conserved NS4A amino acids. Using an infectious cDNA clone of DENV-2, we performed alanine scanning of 15 flavivirus conserved residues in NS4A (Fig.  4A) . The mutated residues were R12, P14, K20, D26, E35, R39, P49, E50, G67, R76, K80, P121, E122, P123, and E124. These residues were selected because most of them contained charged side chains that may facilitate revertant analysis. To examine the effects of individual mutations on viral replication, we electroporated BHK-21 cells with equal amounts of WT or mutant genome length RNA. The electroporated cells were monitored for viral envelope protein expression using an immunofluorescence assay (Fig. 4B) . Virus production in culture media at day 5 posttransfection was quantified using a plaque assay (Fig. 4C and D) . Both the immunofluorescence assay and virus production results consistently showed that, except for mutants E35A and R39A, which retained the WT replication level, all the mutants reduced or abolished viral replication.
We sequenced each viable virus recovered on day 5 from the transfected cells. The sequencing results revealed that, except for mutant P121A, which had reverted to the WT Pro (Fig. 4C) , all the viable mutants (R12A, E35A, R39A, E50A, G67A, R76A, P123A, and E124A) retained the engineered Ala substitutions without any extra mutation (data not shown). The results indicate that the plaques observed for mutant P121A (Fig. 4D) were derived from the revertant virus (equivalent to the WT virus).
Revertant analysis. We performed revertant analysis for all mutant viruses. The culture media from transfected cells were continuously passaged on Vero cells for 5 rounds (5 to 6 days per round). During revertant selection, plaque assay and virus-specific RT-PCR were performed to monitor the improvement in viral fitness. Figure 4E shows the plaque morphology of P5 viruses. The P5 viruses were subjected to whole-genome sequencing. The results showed that no revertant viruses were recovered from three lethal mutants (D26A, K80A, and E122A) and two WT level replicative mutants (E35A and R39A). The other P5 mutants yielded adaptive mutations within the NS4A gene; no mutations outside the NS4A region were found (Fig. 4F) . Specifically, mutant R12A acquired an E9G change, mutant R76A obtained a neighboring G77R substitution, mutant E124A changed to E124D, and all the other mutants (P14A, K20A, P49A, E50A, G67A, and P123A) reverted to their corresponding WT sequences. Figure 5A summarizes the mutational effects on viral replication and the revertant analysis results. Figure 5B depicts the mutated residues on an NS4A topology model (21) and their impacts on viral replication. Overall, the results demonstrate that most of the flavivirus conserved NS4A residues are important for DENV-2 replication.
Effects of TMD1 mutations on NS4A oligomerization. Among the 15 residues analyzed above, 2 amino acids (E50 and G67) are located in TMD1, a region critical for NS4A oligomerization. Ala substitution for both residues attenuated viral replication (Fig. 4 and 5) . These results prompted us to test whether the attenuated viral replication was caused by a defect in NS4A oligomerization. A co-IP experiment was performed to address this question. 293T cells were transfected with two plasmids, one encoding NS4A-EGFP and another encoding NS4A-Flag. As shown in Fig. 6A , similar levels of protein expression were achieved for WT, E50A, and G67A NS4A-EGFP (Fig. 6A, top) . Anti-Flag antibody pulled down comparable amounts of the mutants and slightly less WT NS4A-Flag (Fig. 6A, bottom) , but the co-IP efficiencies of E50A and G67A NS4A-EGFP were much lower than that of WT NS4A-EGFP (Fig. 6A, middle) . Quantitatively, the pulldown efficiencies of the E50A and G67A mutants were 37% and 29% of that of the WT (set as 100%), respectively (Fig. 6B) . In contrast, the pulldown efficiencies of three replication-defective mutants containing changes outside TMD1 (R12A, P49A, and K80A) were similar to that of the WT (Fig. 6C ). These results demonstrate that mutations E50A and G67A within TMD1 specifically attenuate NS4A oligomerization.
Destabilization of NS4A protein by weakened oligomerization. One possible consequence of weakened NS4A oligomerization is decreased protein stability, leading to reduced viral replication. To test this possibility, we compared the stabilities of E50A and G67A mutant and WT NS4A in cells. Equal amounts of plasmids encoding the WT and mutant NS4A-Flag proteins were transfected into 293T cells. At 24 h p.t., the cells were treated with CHX to inhibit protein synthesis. Western blotting was performed to quantify the amounts of WT and mutant NS4A proteins at various time points after CHX treatment. As shown in Fig. 7 , the degradation rates of E50A and G67A mutant proteins were higher than that of the WT NS4A-Flag. In contrast, the stabilities of the cellular protein GAPDH were similar in the wild-type and mutant NS4A-Flag-expressing cells. The result suggests that mutations E50A and G67A decrease the stability of the NS4A protein.
trans complementation analysis of NS4A. To test if the replication defect of NS4A can be trans complemented, we engineered a BHK-21 cell line expressing WT NS4A fused with C-terminal EGFP (NS4A-EGFP) using a Tet-off system (BHK-21-NS4A-EGFP). The cellular expression of NS4A-EGFP after the removal of doxycycline was confirmed by IFA using both EGFP and anti-NS4A antibody (Fig. 8A) . Three lethal NS4A mutants, D26A, K80A, and E122A, were selected for trans complementation analysis because these mutants were shown to be stable with no revertants after 5 rounds of passaging in Vero cells. We also included an additional mutant, L60A, in the trans complementation experiment because the mutant was recently shown to be replication lethal with no reversion (24) .
Upon transfection of WT or mutant genome length RNA into BHK-21-NS4A-EGFP cells, we examined viral E protein expression to monitor trans complementation. This is because the replicon RNA did not express viral structural proteins and only replicating genome length RNA could express viral E protein. As shown in Fig. 8B , the viral E protein was expressed in the WT-RNA-transfected cells but not in the mutant-RNA-transfected cells. This result indicates that the expression of NS4A alone is not able to trans complement the replication defect of NS4A mutants. To make a sample with a DPC-to-protein ratio of 300, DPC was added to the sample. The DPC concentration (millimolar) was calculated using the following formula: C DPC ϩ n ϫ C NS4A , where C DPC and C NS4A are the DPC concentration in the buffer and the NS4A concentration, respectively, and n is the aggregation number of DPC (54, obtained from the manufacturer). (D) 1 H-15 N HSQC spectra of NS4A in the absence and presence of unlabeled NS4A. 15 N-labeled NS4A (17-80) was concentrated to 0.5 mM in a buffer containing 20 mM sodium phosphate, pH 6.5, and 150 mM DPC. A synthetic peptide corresponding to residues 40 to 76 of NS4A was added to the sample at a 1:1 molar ratio. The spectra were superimposed.
Next, we examined whether WT NS4A presented in the context of a replication complex is able to trans complement the replication defect of NS4A mutants. The WT and NS4A mutant genome length RNAs were individually transfected into BHK-21 cells harboring a DENV-2 replicon (BHK-21-Replicon). The replicon cells transfected with WT genome length RNA showed Epositive cells (Fig. 8C) . However, the E-positive cells among the replicon cells were significantly fewer than those after transfecting the WT RNA into naive BHK-21 cells without replicon (compare Fig. 8C with 4B) ; such a difference is most likely caused by exclusion of superinfection (37) .
The genome length RNA containing a D26A or K80A mutation also produced E-positive cells, albeit fewer than the WT RNA. In contrast, the L60A and E122A RNAs did not produce any E-positive cells. These results indicate that NS4A within a replication complex supplied in trans is able to complement only mutants D26A and K80A, but not L60A (located in TMD1) and E122A (within the PEPEKQR signal sequence required for the NS4A-2K junction cleavage).
DISCUSSION
The goal of the current study was to examine whether DENV NS4A oligomerizes and, if so, to define the determinants for the oligomerization and to characterize its functional relevance. Flavivirus NS4A is colocalized with double-stranded RNA (dsRNA) and other components of the viral replication complex. The expression of DENV NS4A alone has been shown to induce membrane remodeling (21) . Therefore, flavivirus NS4A is the key viral protein to modulate the formation of vesicle packets, where the replication complex forms and synthesizes viral RNA. Two driving forces could enable the NS4A protein to promote membrane deformation. One driving force may derive from an active insertion of the amphipathic helix located within the N-terminal 48 amino acids (25) or the TMD2 helix into one leaflet of the lipid bilayer (Fig. 1A) . Another driving force may result from the oligomerization of the NS4A protein. Both mechanisms are commonly observed to cause membrane curvature (38, 39) . During hepatitis C virus replication, oligomerization of the viral NS4B protein was proposed to modulate membrane curvature (40) .
Four lines of in vitro and in vivo evidence support the oligomerization of DENV NS4A (Fig. 1) . (i) Both monomeric and dimeric forms of NS4A could be detected in DENV-2-infected BHK-21 and Vero cells. (ii) Transient expression of DENV-2 NS4A in the absence of other viral proteins generated monomeric and dimeric forms of NS4A. (iii) When coexpressed in cells, the NS4A protein tagged with Flag could pull down another NS4A protein tagged with EGFP. (iv) Recombinant NS4A protein forms monomers, dimers, and higher-order oligomers in a concentration-dependent manner. When interpreting these results, caution should be taken, because the oligomeric status of NS4A was judged by its mobility on SDS-PAGE, and anomalous migration of membrane protein has been observed on SDS-PAGE due to the difference in detergent binding (41) , as well as the unknown effect of SDS on the stability of NS4A oligomerization. To exclude the possibility of such an artifact, we attempted to use gel filtration to estimate the oligomeric status of purified NS4A protein; unfortunately, the gel filtration result was not conclusive due to the presence of detergent (data not shown). Therefore, we took the NMR approach to confirm the oligomerization of the NS4A (17-80) construct (Fig.  3) (see below) .
Co-IP experiments using various NS4A truncates revealed TMD1 (residues 50 to 76) as the major determinant for NS4A oligomerization. Specifically, TMD1 alone retained the full-length NS4A oligomerization activity, whereas the N-terminal 50-residue peptide exhibited only 20% of the WT NS4A oligomerization activity (Fig. 2C) . The latter result agrees with a previous report that the N-terminal 48 amino acids of DENV-2 NS4A could mediate protein oligomerization (25) ; the discrepancy between the two studies is due to the fact that the previous study did not analyze regions beyond the first 48 amino acids of NS4A. Besides co-IP, we used two complementary approaches to confirm and characterize TMD1 as the major determinant for NS4A oligomerization. First, addition of the cross-linker glutaraldehyde to recombinant NS4A (17-80) increased protein oligomerization in solution (Fig. 3A) . Second, the 1 H-15 N HSQC spectra of NS4A (17-80) were affected by changing the detergent-to-protein ratio (Fig. 3C ) or by addition of unlabeled 40 -76 peptide (Fig. 3D) . Furthermore, the NMR experiment revealed line broadening of residues L31, L52, E53, G66, and G67, suggesting that these amino acids are important for NS4A oligomerization. Our conclusion that TMD1 is the major determinant for NS4A oligomerization is in agreement with a previous molecular dynamics simulation study predicting an intermolecular NS4A TMD1-TMD1 interaction (42). As mentioned above, since both the N-terminal region (residues 1 to 50) and TMD1 (residues 50 to 76) contribute to NS4A oligomerization, it is not unreasonable to speculate that one region (most likely TMD1) mediates NS4A dimerization while the other region (likely the N-terminal region) mediates higher-order oligomerization. However, the current results could not exclude the possibility that TMD2 and/or TMD3 may also facilitate NS4A oligomerization.
We performed systemic mutagenesis to analyze the function of DENV-2 NS4A in viral replication. Ala substitution for most of the flavivirus conserved NS4A residues attenuated or abolished viral replication (Fig. 4 and 5 ). Revertant analysis of these mutants yielded adaptive mutations within the NS4A gene. Among the 15 mutated residues, E50A and G67A are located in TMD1; both mutations reduced viral replication. Interestingly, NMR analysis indicated that G67 participates in TMD1-mediated NS4A oligomerization (Fig. 3D) . Remarkably, we found that both the E50A and G67A mutations reduced NS4A oligomerization ( Fig. 6A and  B) , leading to decreased stability of the mutant proteins in cells (Fig. 7) . These results are in stark contrast to the replication-defective mutations outside TMD1 (R12A, P49A, and K80A), which did not show any effect on NS4A oligomerization. Collectively, our results clearly indicate the biological relevance of NS4A oligomerization in DENV replication.
Two cell lines (one expressing WT NS4A and one harboring a DENV-2 replicon) were used to study NS4A trans complementation (Fig. 8) . None of the four lethal NS4A mutants (D26A, L60A, K80A, and E122A) could be trans complemented in cells expressing WT NS4A in the absence of other viral proteins. In contrast, two mutants (D26A and K80A) could be partially trans complemented in the replicon cells, whereas the other two mutants (L60A and E122A) could not be trans complemented. The results demonstrate that (i) the WT NS4A in the context of a replication complex is required in order to rescue the replication of NS4A mutants and (ii) the success of trans complementation depends on the location of the NS4A mutation. As shown in Fig. 5B , the D26A mutation is located in the flexible N-terminal cytoplasmic domain; the L60A mutation is located in TMD1 and was recently shown to be important for DENV NS4A-NS4B interaction (24) ; the K80A mutation resides in the luminal TMD2; and the E122A mutation is located within the C-terminal PEPEKQR signal sequence, which is critical for the NS4A-2K junction cleavage (43) . The mechanism that governs the success of NS4A trans complementation remains to be determined. Since NS4A has distinct functions at different stages of the viral replication cycle, it is expected to interact with different viral and host factors in a spatially and temporally regulated manner. Different NS4A mutants with distinct functional defects could have different abilities to be trans complemented. As mentioned above, NS4A needs to oligomerize to induce membrane curvature before the replication complex forms; NS4A then needs to interact with NS4B to facilitate viral RNA synthesis. Since TMD1 of NS4A is required for both NS4A oligomerization and NS4A-NS4B interaction (24) , the switch of TMD1 binding from NS4A to NS4B may modulate the transition from vesicle packet formation to viral replication complex formation. More experiments are needed to further define the above working hypothesis.
